Aim: The aim of the study was to further clarify the origin of Escherichia coli O104:H4 outbreak in Germany in 2011 (German Ec) as the likelihood of a deliberate act has not been excluded in previous analyses.
INTRODUCTION
From 1 May to 5 July 2011 Germany faced the largest and the most severe food-borne outbreak of haemolytic-uremic syndrome (HUS) ever. It was reported to the World Health Organization (WHO) according to the International Health Regulations (1) . The outbreak was caused by the unique serotype O104:H4 of Shiga toxin producing Escherichia coli, termed also as enterohaemorrhagic Escherichia coli (EHEC) (1) . There were 2,987 cases of bloody diarrhoea (18 lethal) and 855 cases complicated with HUS (35 lethal). Additionally, 83 German Ec cases and 54 patients with HUS were recorded outside Germany, most of them linked to travelling to Northern Germany in May 2011 (2) . German authorities and the European Food Safety Authority (EFSA) announced that the contaminated sprouts grown from fenugreek seeds imported from Egypt in 2009 were the most probable vehicle of the pathogen in this epidemic (1) .
Based on the results of a comparative study performed with three models for differentiation between natural and deliberate epidemics (3) , the German Ec outbreak may be regarded as an unusual epidemiological event (UEE). This assumption is supported by the following epidemiological, demographical, biological, microbiological, pathological, and clinical features of German Hemolytic Uremic Syndrome/Enterohemorrhagic Escherichia Coli (GHUSEC): high pathogenicity and extended spectrum beta-lactamase antibiotic resistance of a chimeric (enterohaemorrhagic/enteroaggregative) O104:H4 strain (1, (4) (5) (6) (7) (8) (9) (10) , sudden appearance and disappearance of the pathogen (1), suitability for genetic manipulation (11) , long term carriage and excretion of the pathogen (9, 11, 12) , easy pathogen spreading by different transmission routes (9, 12) , longer incubation period than typical for known EHEC serotypes (1, 12) , and no definite conclusions about the use of antibiotics in acute EHEC diarrhoea as well as for the causal therapy at all (2) . There was a rapidly increasing number of patients with severe diarrhoea and unusually high proportion of patients with HUS, very fast supra-regional spread throughout Germany and in 13 other European countries plus cases in the USA and Canada and unexpectedly high incidence in adults and females (13) (14) (15) . The causative role of fenugreek seeds exported from Egypt was questionable (12) due to difficulties to isolate the pathogen from fenugreek seeds and to identify sources of infection, reservoirs and modus of contamination of the food (1) . The outbreak was unusually long-lasting, especially considering peaceful time without natural disasters in a highly developed country with a prominent healthcare system.
One of the key points of the recent comparative study of the unique German Ec outbreak (3) was that the pathogen could have been introduced in the food chain deliberately. In order to further assess the probable origin of this epidemic we use a more detailed and subtle retrospective assessment.
MATERIALS AND METHODS
A literature review was performed in the database MEDLINE for the period 1999-2014 in order to obtain necessary data for a retrospective analysis of the German Ec outbreak with the following key words: outbreak, epidemic, Escherichia coli, EHEC O104:H4, STEC O104:H4, HUS, gastroenteritis, haemolytic uremic syndrome, HUS, sprouts, seeds, and Germany.
We analysed the German Ec outbreak using a subtle and detailed differentiation method for four possible UEE scenarios: natural outbreak of a known endemic disease; natural outbreak of a new or re-emerging disease; outbreak by an accidental release of a pathogen; outbreak by a deliberate delivery of a biological agent. This method is based on 23 qualitative and 10 quantitative parameters (16) (17) . Parameters with its characterizing features were grouped in four components of the chain of infection (Table  1) : Reservoir/source of infection vs. perpetrator: sophistication, motivation, intention, intelligence, secrecy, number of perpetrators, number of reservoirs⁄sources of infection, accessibility to sources of pathogens or biological agents, accessibility to susceptible population or targets; Pathogen vs. biological agent: A category, B category, C category, emerging pathogen, amount of the pathogen or available agent; Factors of transmission vs. means/media of delivery: air, water, food, fomites, vectors (e.g. arthropods), ammunition, delivery systems/devices and dispersion systems/devices, mechanisms of release; Susceptible population vs. target: intelligence, secrecy, personal control, control of means/ media, physical protection, protection by chemoprophylaxis, protection by immuno-prophylaxis, importance of a target ("soft" or "hard" target), number of people at risk/in a target, location of people at risk/in a target, distribution of people at risk/in a target.
Each parameter was scored with 1 or 0, depending on the assessed high or low probability, respectively. If there were no data to assess a parameter the term N/A (not applicable) was used. Total scores of 0-8, 9-16, 17-24, and 25-33 indicate lowly probable, possible, highly probable, and certain type of outbreak, respectively ( Table 1) .
The differentiation approach includes the system of elimination. If all parameters of at least one of four components are scored with 0 or N/A the appropriate scenario is not considered as possible (17) .
RESULTS
The specific parameters and features of the differentiation method and the scores for possible epidemic scenarios are presented in Table 1 .
Natural Outbreak Scenarios
No acute illnesses among humans or animals by the implicated EHEC O104:H4 strain as natural source of infection were identified in or outside Germany during and after UEE (1). Furthermore, there had been no natural disasters with damages of the ecological system, infrastructure or hygienic barriers that could cause a massive contamination of the food chain and development of this explosive epidemic. These arguments suggest that the GHUSEC event was not a natural outbreak of an endemic disease (NE).
A natural outbreak of a new or re-emerging disease (NR) can also be excluded despite the fact that the pathogen differs in some biological and genetic characteristics from the known EHEC serotypes. Acute gastroenteritis with or without bloody diarrhoea and/or enteropathic HUS caused by EHEC are already endemic in Germany and have to be notified (18) .
In the case of NE and NR five qualitative and one quantitative parameter for the assessment of the component perpetrator/ source of infection/reservoir were not applicable. Natural source/ reservoir of infection was not found in Germany, and it is not possible to repeat such outbreak in the same natural conditions. Therefore, the last three parameters from this component are scored with zero. According to the system of elimination NE and NR scenarios were excluded from further analysis, because one component contains all parameters scored with 0 or N/A (17) .
High intensity and dynamic of the initial epidemic phase, with sudden occurrence of multiple clusters of cases within the maximum incubation period of the pathogen after having meals mainly in restaurants or cafeterias was more likely characteristic for an outbreak caused by accidental release of a pathogen (AR) or a deliberate outbreak (DO) (19) .
In the absence of natural sources of infection, the contaminated sprouts were considered as an equivalent for the origin, or a causative source of the explosive primary wave of epidemic in order to assess the parameters.
Accidental Release and Deliberate Outbreak Scenarios Perpetrator
There is a likelihood that modern food chains might be harmed by individuals or groups with the appropriate scientific-technical sophistication, criminal or political motivation and intentions and accessibility to sources of agents and sensitive targets of interest (each parameter scored with "one" for deliberate outbreak). Intelligence e.g. the ability to get direct, unambiguous, objective and timely information on global and local levels related to a biological attack is provided by different German federal ministries, but in this UEE no appropriate evidence was notified by them. Secrecy comprises the capacity to keep activities unobserved before a deliberate outbreak starts and to hold perpetrators unknown during and after an outbreak (16) . Besides a general perception of biological risks we have no reliable data on the number of perpetrators or suspect activities before or coincident with the German Ec outbreak (score 0 for these three conclusive parameters).
Source (Vehicle) of Infection
If an accidental release is assumed the deliberate outbreak specific parameters "sophistication, intention, motivation" and "number of perpetrators" are not applicable. As the outbreak was managed very openly by media, national and international public health and consumer protection authorities we scored "intelligence" with 1 and "secrecy" with 0. *CDC classification 0 = low probability, 1 = high probability, N/A = not applicable/no data, -= eliminated from further consideration Total Scores: 0-8 = lowly probable type of outbreak (TO); 9-16 = possible TO; 17-24 = highly probable TO; 25-33 = certain TO.
Table 1. Assessment of the Escherichia coli O104:H4 outbreak in Germany in 2011 by differentiation scoring for a natural outbreak of an endemic disease (NE), a natural outbreak of a new or re-emerging disease (NR), an outbreak by an aaccidental release of a pathogen (AR) and a deliberate outbreak (DO)
This explosive food-borne outbreak could develop only due to the accessibility to the pathogen by a probably accidental contamination of fenugreek sprouts and extensive exposure to presumably high number of this vehicle after its federal wide distribution. The latter provided the pathogen's efficient accessibility to susceptible populations at risk via the food chain. These three quantitative parameters were scored with 1 for the accidental release scenario.
Biological Agent vs. Pathogen
Due to its unique biological and pathogenic features the outbreak strain is considered as a newly emerging pathogen (10) comparable with the serotype EHEC O157. Therefore, it can be also classified as a Category B agent (CDC). Both parameters were scored with 1 for deliberate and accidental release scenarios.
Amount of the Available Agent
A large amount of agent/pathogen that suddenly appeared and disappeared could be an indicator of a deliberate outbreak. But, there was no evidence that the outbreak strain was used as a biological agent (0 score for deliberate outbreak). Considering an accidental release scenario the implicated sprouts were contaminated with a significant amount of the causative pathogen taking into account the sudden increase of the number of patients and the unusual severity of diseases with increased rates of complications and deaths (1) .We scored this parameter with 1 for accidental release.
Means/Media of Delivery vs. Factors of Transmission
The main mechanism of transmission during the initial explosive phase of the German Ec outbreak was alimentary and contaminated sprouts were identified as the most probable transmission factor (vehicle) of the pathogen (1). This parameter was scored with 1 for accidental release and deliberate outbreak scenarios. Obviously water, air, fomites or vectors (e.g. arthropods) were not implicated in the infection of primary cases (0 scores for accidental release and deliberate scenarios). In the case of a suspected deliberate outbreak identification of biological ammunition and delivery systems (e.g. aerosol generating devices) for the dissemination of biological agents in the environment would be important conclusive indicators for an intentional event. There was no evidence either for it or for aimed delivery of the pathogen through the common food chain. But, common food delivery system served for dissemination of the pathogen throughout Germany. So, we scored this parameter with 1 for accidental release and with 0 for deliberate outbreak.
A dissemination of EHEC via contaminated sprouts as a dispersion system can be considered as the most likely mechanism of release of the pathogen in the food chain. This parameter was scored with 1 for accidental release and with 0 for deliberate outbreak.
Target vs. Susceptible Population at Risk Intelligence
With the first clusters recognized and notified 19 days after the first case, which is the maximum incubation time of EHEC O104:H4 infections, the Robert Koch Institute reacted immediately with establishing an EHEC Task Force and starting intensive epidemiological and trace-back food investigations (scored with 1 for accidental release). There were no evidences of any deliberate act (scored with 0 for deliberate outbreak).
Secrecy
German authorities did not hide any relevant information about this UEE and they promptly notified it and very openly communicated with WHO, EFSA and the European Centre for Disease Prevention and Control (ECDC) according to IHR. When the first clusters of cases were recognized by intensive national and international scientific co-operation the causative EHEC strain and contaminated sprouts as the vehicle were identified within a comparatively short time (0 scores for both accidental release and deliberate outbreak).
Personal Control
Personal control was implicated immediately after the outbreak was notified and contaminated vegetables were suspected to be the presumable cause and possible factor of transmission (consumer warnings, advice for food and kitchen hygiene, cease of production and distribution of sprouts, intensified control of hygiene and health of employees in food related professions, intensified recognizing of potential sources of infection). We scored this parameter with 1 for accidental release. There were no evidences that special populations have been informed or warned before UEE to avoid the suspected food (0 score for deliberate outbreak).
Control of Means/Media of Delivery/Factors of Transmission
Control of means/media of delivery/factors of transmission was carried out routinely according to German food law (1) . Given the long incubation time of the diseases (in contrast to other EHEC infections) and delayed start of investigations caused by a late notification of the outbreak the accessibility of implicated contaminated sprouts was limited. Nevertheless, 29 of 8,062 environmental and food specimens and 7 samples of garbage, swabs and reserve specimens of meals were positive for the causative EHEC O104:H4 strain (20) . Even before contaminated sprouts were suspected to be the cause of the event general consumer warnings regarding the possible infection risk of fresh vegetables had been issued. Immediately, after its identification the production and distribution of the incriminated sprouts were recalled. Therefore, we scored this parameter with 1 for accidental release. Activities of an intentional use of means/media of delivery by any actors were not observed.
There were no particular investigative, security or anti-panic measures typical for man-made disasters (deliberate outbreak scored with 0).
Physical Protection Measures
Physical protection measures regarding the populations at risk were not in place during the initial explosive phase of the outbreak and there were no chemoprophylaxis or immuno-prophylaxis against EHEC infections available. These three parameters were scored with 0 for accidental release and deliberate outbreak.
Importance of Target/Population at Risk
There were no evidences that so called "hard" targets were hit. But, the food chain is internationally considered as an important vulnerable target for criminal or terrorist acts. In industrial countries adults that are known to prefer vegetarian lifestyle and often consume meals in cafeterias or restaurants might be a "soft target". In 2011, several agricultural companies in Germany and Spain experienced a significant financial loss due to this outbreak. However, there were no evidences or indicators that the health system or some agricultural companies in Germany and Spain were targets (score 1 for accidental release). Because Germany as a whole could have been the target we scored deliberate outbreak scenario also with 1.
Number of People in Target/at Risk
The parameter was not in favour of a deliberate outbreak, but of an accidental, having in mind that many consumers were occasionally exposed to contaminated sprouts (score 1 for accidental release and score 0 for deliberate outbreak).
Location and Distribution of People in Target/of People at Risk
No special targets (e.g. conferences, political or cultural events) for a deliberate release could be identified. Sporadic cases and clusters of diseases were observed in all 16 German federal countries (1) . Infections were associated with meals in restaurants and cafeterias but also in the households of patients. Both parameters were scored with 0 for deliberate outbreak. Considering an accidental release outbreak there was some predominance of cases in Northern and North Western federal countries of Germany (1). This was probably related to the fact that the incriminated producer in Lower Saxonia supplied its sprouts mainly to customers in these regions. Therefore, both parameters were scored with 1 for accidental release.
Final scores of the differentiation method suggest that the German Ec outbreak was most likely caused by an accidental release of а unique chimeric EHEC O104:H4 into the food chain by contaminated fenugreek sprouts. This was probably attributable to a technical accident or negligent violation of hygienic norms in the production facility (21) .
DISCUSSION
From the very beginning of the German Ec epidemic, there was the vagrancy about the source of infection and mode of transmission (22). On 10 June 2011, one special charge of fenugreek seeds imported from Egypt in 2009 was announced by the German authorities in accordance with EFSA as the most probable source of contamination of sprouts, the main vehicle of the causative EHEC O104:H4 in this outbreak (1, 11, 22) .
A long lasting exposure to the pathogen, over a period of 38 days until authorities' interventions obviously became effective, indicates that an accidental release was possible in the German Ec epidemic. Despite all efforts, the incriminated strain was not isolated from the implicated seeds (2, 11) . EFSA and ECDC strongly recommended advising consumers not to grow sprout seeds for their own consumption (24) . However, it would be more probable that such an outbreak due to pure hygiene happened in Egypt rather than in Germany, but responsible Egyptian authorities declared no cases or outbreaks and denied violations of hygienic rules in the period when the exported seeds were produced (24) .
It is presently accepted that seeds of different species of sprouts (e.g. raps, clover, fenugreek) could be contaminated during growth and harvesting, e.g. by natural fertilizers like animal and human faeces and urine. Another possibility is the contamination during storage by rodents, during distribution/packaging by mixing with contaminated seed lots, by false declaration of seeds, and production of sprouts for human nutrition. The persistence of EHEC on sprout seeds might be explained by the property of several gram negative bacteria species to go into a so called "viable but noncultivable state" under appropriate conditions. It is an evolutionary smart mechanism to survive, to stay transmissible and to find a new susceptible host (25) .
German Ec epidemic was a point-source outbreak. King et al. (27) reported a similar outbreak in France near Bordeaux in June 2011, caused by a strain indistinguishable from German EHEC strain. They implicated contaminated sprouts of fenugreek seeds from the same source (only few lots of a shipment) as a vehicle for both outbreaks (Germany and France). Unfortunately, the causative EHEC strain was not isolated from the implicated seeds, making statements about fenugreek seeds as the source of the outbreaks questionable.
EFSA assumed that the O104:H4 clone, during the intervals between the sporadic cases, has maintained itself outside the EU. But, without solving source/reservoir of the German Ec outbreak, it is unlikely to prevent similar outbreak again in Europe. Assuming that this took place during the primary production process, this part of the investigation would need to extend beyond the point of EU import to include the site(s) of production (24) .
The new hybrid EHEC strain differs in its genetic and pathogenic features from known strains of this pathogen. The new chimeric strain combining features of EHEC and EAEC is so far unique as the reservoir is human according to our present knowledge. Until spring 2011, HUSEC outbreaks had been caused only by zoonotic EHEC strains, usually 0157:H7, and only few outbreaks were related to O104 strains (3). Primary transmission was by ingestion of contaminated food. However, no cases transmitted by contaminated sprouts have been reported in Germany until 2011. Direct smear infections (person-to-person) is also possible under poor hygienic conditions causing secondary and tertiary cases and a delayed course of an epidemic. But, there is no information nor evidences that EHEC 0104:H4 was deliberately "designed" or released as a biological agent.
Few strains genetically related to EHEC/EAEC O104:H4 were described already before the outbreak in (1, (28) (29) (30) . The human EAEC strain from Central Africa shows 93% similarity with EAEC O104:H4 strain (5). Interesting is E. coli O104:H4 strain isolated from two patients, who were a part of a cluster of diarrheal illness in the Republic of Georgia in 2009, in co-work with CDC which was similar to the German Ec strain. It produced Shiga toxin, but had a different molecular fingerprint, and was less resistant to antibiotics. There was no clear outbreak and no food identified as a vehicle of the pathogen (29) . Another important is the emerging of a novel pathotype of EAEC O104:H4 especially in HIV infected people now endemic in Central Africa and spreading to Europe and Asia (20) .
Compared to the median incubation period of EHEC O157 of three to four days, the median incubation period of EHEC O104 was two times longer. The average period between the onset of diarrhoea and HUS appeared to be shorter for the EHEC O104 strain than for infections with enterohaemorrhagic E. coli serotype O157 (1) . The severity of the clinical course, unusually high proportion of CNS complications and higher mortality in case of hemorrhagic colitis and HUS indicate a special susceptibility of the population at risk, because no immunity against the new pathotype of EHEC could have been acquired before the outbreak. Additional contributing factor may be the initial therapy of the hemorrhagic colitis with constipating drugs (prolongation of multiplication and toxin production of EHEC) and inadequate antibiotics (increased toxin release in the gut and uptake of higher amounts of toxin in the circulation/distribution to kidneys and CNS).
Until the German Ec outbreak, sprouts were known as a possible but very rare vehicle in some outbreaks caused by enteric pathogens (31) . In 2012 and 2014, several multistate outbreaks of gastroenteritis have been reported in the USA caused also by non EHEC O157 after consumption of contaminated sprouts in restaurants (32) (33) (34) . Similar to the situation in the GHUSEC outbreak the recognition and notification of cases, microbiological identification of the difficult to cultivate strains, back tracing of food and verification of the site and mode of contamination of incriminated seeds or sprouts were reported by local, state and federal authorities to be complex and time-consuming.
Typically for food-born outbreaks German Ec had a "contact tail" with 33 cases from 5 July 2011 to the end of 2011. Some were unsolved laboratory (3 cases, 9.1%) and some were nosocomial cases (15.1%) (35) . Except for usual public health recommendations and collected statistical data mainly for academic purposes (1), there were no data for better understanding of secondary cases and pathogen transmission, probably useful for new knowledge of outbreak characteristics (ways of transmission, incubation period, latency period, period of communicability), as well as improving their prevention. These data must not be obscure, because of well defined conditions and co-operability of labs and clinical staff.
EFSA indicated a high level of asymptomatic carriers and subclinical cases (24) . The Robert Koch Institute reported obscure information of the longest pathogen shedding of 13 weeks without additional data (adult case included in the prospective study) (1). The conducted survey was not sensitive enough to solve the mode of transmission for some important cases (1) . During the outbreak, the mean shredding period was reported to be more than 34 days for EHEC O104:H4 in patients not receiving antibiotics, with some of them still shredding the pathogen more than one year after the outbreak (2) . The approximate number of asymptomatic shredders was missing. Frequency and characteristics of secondary transmission (household transmissions) have universal importance for prevention of many enteric infection diseases and not only of the German Ec.
Officially, the outbreak started on May 1st, but the public was warned for the first time on May 25th. Public warning regarding the consumption of sprouts was issued on 10 June (1). At the beginning of the outbreak, onset of disease and hospitalization dates lie well before the date of notification, which is also true for the diagnoses dates of the first cases (1). In our opinion that could be a source of "false negative" cases. In the previous 5 years (2006-2010) a median of 13 HUS cases and 218 EHEC gastroenteritis cases were reported annually. For the 2011 outbreak period, this corresponds to a 67-fold increase in HUS and a 17-fold increase in EHEC gastroenteritis. The increase in the number of 2011 EHEC cases not ascribed to the outbreak (n = 719), well beyond the total EHEC cases in the previous year (n = 218), reflects the strongly increased attention to and higher clinical investigation rates for EHEC (1) . It is also assumed that unclear/ unconfirmed cases were ascribed to current outbreak (so called "false positive cases").
The unexpectedly large size of epidemic may be connected with the modern vegetarian and vegan lifestyles with more raw food in diet. Without stringent food control this growing population may be a target for accidental (e.g. disruption of hygienic barriers) or intentional exposure to pathogens. In recent epidemics raw vegetable was an important transmission factor of enteric pathogens, which may infect or persist dormant in a viable but non-cultivable state in/on plants and their seeds (36) .
The differences in the age and gender distribution of cases, especially evident in the first epidemic phase, may be explained, if sprouts are accepted as a vehicle, by higher exposure to the contaminated food. Adults consume more frequently raw vegetables than children and women are more likely vegetarians than men. Similar differences in age and gender distribution were also observed in 1994 during a foodborne outbreak of partially haemorrhagic gastroenteritis in Helena, Montana/USA caused by a rare EHEC serotype 0104:H21 producing Shiga toxin II. Most of the 18 patients were adults (median age 36 years) with a higher proportion of female cases (67%) (37) . Similar distributions of age (median 26-27 years) and gender (76-88% females) were reported in 2012 and 2014 in two multistate outbreaks in the USA caused by Shiga toxin-producing EHEC O26 and O121 after consuming contaminated sprouts in restaurants (33, 34) .
In conclusion, this study suggests that German Ec outbreak was a consequence of an accidental contamination of fenugreek sprouts with a new Escherichia coli strain O104:H4, probably during washing down or fertilizing on a farm in Lower Saxony. Accidents or violations of hygienic rules in production, storage, transporting and distribution of sprout seeds may cause an accidental undetectable contamination of these products. Modern industrialized large-scale food production and distribution might lead to a wide exposure of people to contaminated food like in the German Ec epidemic. Robust public health infrastructure including close disease surveillance and urgent international scientific co-operation is necessary to effectively manage and resolve foodborne outbreaks.
